P ERIVENTRICULAR HEMORRHAGIC INFARCTION (PVHI), a complication of germinal matrix-intraventricular hemorrhage (GM-IVH), has been associated in earlier reports with significant adverse neurodevelopmental outcome in premature infants. 1 The PVHI lesion seems to result when GM-IVH impairs venous drainage, leading to periventricular infarction with hemorrhagic transformation. The mortality of PVHI, which reached 60% in earlier reports, 2 seems to be decreasing in recent years, resulting in a growing population of PVHI survivors at risk for neurodevelopmental sequelae. 3, 4 Two decades ago Guzzetta et al 2 reported major long-term disabilities in up to 90% of PVHI survivors, including cerebral palsy, mental retardation, and seizures, findings corroborated by subsequent reports. [5] [6] [7] [8] [9] These reports described global motor and cognitive sequelae of PVHI; to date there are no descriptions of function in specific developmental subdomains. Several studies have suggested a more favorable outcome for a subgroup of PVHI survivors 2, 3, 8, 10 ; however, most clinicians still consider PVHI a devastating lesion. To improve prognostic accuracy we developed a cranial ultrasound (CUS)-based PVHI severity score (Fig 1) that categorizes grades of PVHI severity. 11 In the current study, our goals were threefold. We sought to delineate the impact of advances in neonatal critical care and survival on the long-term outcome of survivors of PVHI. Next, we sought to develop a more detailed understanding of the long-term neurodevelopmental sequelae of PVHI than is currently available. Finally, we aimed to test the ability of a CUS-based PVHI severity score for predicting these sequelae.
METHODS

Subject Selection and Enrollment
We performed an electronic search of the Neonatal Neurology and Infant Follow-up Program databases at Children's Hospital Boston for a 6-year period (January 1997 to December 2002) . The patient population of these clinical programs originates from the 3 NICUs of the Longwood Medical Area (Children's Hospital Boston, Brigham and Women's Hospital, and Beth Israel Deaconess Medical Center). Key words in our database search included periventricular hemorrhagic infarction, grade IV IVH, parenchymal hemorrhage, parenchymal echodensity, and venous infarction. All neonatal CUS studies of infants identified in this manner were reviewed simultaneously by 2 investigators (Drs Benson and Bassan), both of whom were blinded to the clinical course and outcome of these infants. In 2 cases of disparity between these 2 reviewers, a third reviewer (Dr du Plessis) was used as a tie-breaker. Inclusion criteria were all preterm infants who survived PVHI (see "Ultrasonographic Criteria") and were followed by the Neonatal Neurology or Infant Follow-up Programs. We excluded infants with a known or suspected brain malformation, dysmorphic features or congenital anomalies suggestive of a genetic syndrome, metabolic disorders, chromosomal abnormality, or confirmed central nervous system infection within the first 6 days of life. This study was approved by the institutional review boards of Children's Hospital Boston, Brigham and Women's Hospital, and Beth Israel Deaconess Medical Center. Written informed parental consent was obtained before the follow-up studies.
Ultrasonographic Criteria
We defined PVHI as an echodense lesion in the periventricular white matter, which was associated with GM-IVH. Unlike periventricular leukomalacia (PVL), PVHI is unilateral or, if bilateral, it is clearly asymmetric. When GM-IVH is bilateral, it usually is larger on the side ipsilateral to the PVHI. 1, 12, 13 We excluded infants in whom echodensities were transient leaving no CUS evidence of focal tissue loss (cyst formation), as well as those in whom the echodensities were typical of PVL alone, that is, bilateral, usually symmetric echodensities in the white matter dorsolateral to the lateral ventricles. 1 In addition, we excluded cases of periventricular cysts present within the first days of life, because their etiopathogenesis and timing of onset could not be established.
We categorized the topography (ie, anterior frontal, posterior frontal [body], parietal, temporal or occipital), the extent (localized, ie, limited to 1 territory, or extensive, ie, involving 2 to 5 territories), and the presence of midline shift of all CUS echodensities, and entered these data onto a proforma sheet. We assigned a CUS-based PVHI severity score (PVHI severity score) to each patient as previously described (Fig 1) . 11 Briefly, the PVHI severity score is derived from the CUS study with the largest size echodensity and is based on 3 items: extensive echogenicity, that is, involvement of 2 or more territories; bilateral PVHI; and midline shift. A CUS scan with none of these findings receives a score of 0, whereas a scan with all 3 abnormalities receives a score of 3. We also documented whether the echodensities evolved into a single large cyst (Ͼ5 mm) or multiple smaller cysts.
Measures of Neurologic, Developmental, and Functional Outcome
For each child, we obtained outcome measurements by using a battery of complementary instruments. Age at evaluation was adjusted for prematurity for children Ͻ24 months of age. All testers were blinded to past medical history and imaging findings.
Neurologic Evaluations
Neurologic status was evaluated by an experienced child neurologist (Dr Bassan or du Plessis) by using a formal neurologic examination (51 items) including assessment of cranial size, cranial nerves, special senses, and motor function (ie, deep tendon reflexes, muscle tone, muscle strength, coordination, and gait). Hypertonia, when present, was scored using the Ashworth scales (grades 1-5). 14 Only a score Ն2 was categorized as hypertonia.
Visual Evaluations
Because the optic radiations pass through areas that are susceptible to PVHI, visual function was measured by an experienced examiner (Dr Mayer) by using formal visual acuity and visual field tests. Visual acuity for gratings was tested monocularly in 22 children by using the Teller acuity cards (Vistech Consultants, Inc, Dayton, OH) and a modified acuity card procedure. [15] [16] [17] The finest grating the infant was judged to detect was taken as the infant's acuity. Recognition acuity (using symbols or letters), when testable, was used as the acuity outcome in 4 children. Acuity was tested with glasses if prescribed. Acuities were compared with normal acuities for age. 16, 18 Visual acuity of the eye with poorer acuity was dichotomized as abnormal (below the 2.5% lower prediction limit for corrected age) or normal (at or above 2.5%). 17 Visual fields were tested binocularly, using a special perimeter and method 19 adapted to detect quadrantic and hemianopic field defects. 20 The infant's visual orienting responses to a Ͻ1°light embedded in a hemispheric perimeter were observed using a video monitor. This light target provides a kinetic peripheral field comparable in area to fields tested with Goldmann III-V size targets. 21 Confrontation testing was also performed by using small toys.
Developmental Assessments
A certified psychologist (Dr Visconti or Avery) performed the Mullen Scales of Early Learning 22 to evaluate gross motor, fine motor, visual reception (visual perceptual ability), receptive language, and expressive language. For each of these scales, a t score (mean: 50; SD: 10) was obtained. A summary measure of general cognitive function (Early Learning Composite) was derived from the visual receptive, fine motor, receptive language, and expressive language scales, and was expressed as a standard score (mean: 100; SD: 15). The Peabody Developmental Motor Scales 23 was administered by a certified occupational therapist (Dr Limperopoulos) to evaluate the gross motor abilities in 5 children who were older than 33 months in age (ie, above the upper limit for gross motor assessment in the Mullen scale). Developmental Motor Quotients were derived for each of these subjects with a mean of 100 and SD of 15. The Vineland Adaptive Behavior Scale was administered to the parents as a semistructured interview, to measure the child's functional status in communication, daily living skills, socialization, and motor skills. Standard scores were generated with a mean of 100 and SD of 15. 24 We defined an abnormal score of the Mullen, Peabody-motor, and Vineland as a score below 2 SDs of the mean.
Socioeconomic Status and Medical History
We used the modified, 2-factor index Hollingshead Scale and averaged the maternal and paternal scores for socioeconomic status. 25 We also administered a medical history questionnaire to review the child's services and medical problems. We defined epilepsy as Ն2 convulsive episodes after discharge from the NICU.
Statistical Analysis
Outcome data were compared across subgroups of documented injury patterns, such as location and side of injury and PVHI severity score. Fisher's exact test for binomial proportions was used for any dichotomous outcome variables. Comparisons between the 4 ordered score categories (0 -3) and all outcome factors were made by logistic regression analysis, adjusted for gender, gestational age, and socioeconomic status. SAS (SAS institute, Cary, NC) and SPSS (SPSS, Inc, Chicago, IL) were used for all computations.
RESULTS
We identified 44 potential subjects meeting our definition of PVHI. Five infants with transient echodensities were excluded. Four families declined enrollment, 3 moved out of state, and 2 could not be located. Therefore, 30 infants underwent neurodevelopmental outcome testing. Demographic and sonographic characteristics of the study subjects are presented in Table 1 . The demographic characteristics of the 9 children who were not enrolled were similar to those of the enrolled infants (median gestational age: 27 weeks [range: 24.9 -30.9 weeks]; P ϭ .6 and median birth weight: 937.5 g [range: 653-1335 g]; P ϭ .5). The PVHI lesions in the infants unavailable for study were graded as extensive 11 in 4 (44%) of 9 cases, compared with the 21 (70%) of 30 extensive cases available for follow-up.
Clinical Course and Neurodevelopmental Outcome of PVHI
The median age at follow-up (adjusted for prematurity if Ͻ24 months) was 30 months (range: 12-66 months). The neuromotor outcome characteristics of the PVHI survivors are presented in Table 2 . Visual function abnormalities are presented in Table 3 . Visual field evaluations were not performed in 3 children (1 was blind because of severe retinopathy of prematurity), and visual acuity tests were not performed in an additional infant.
Twelve infants (44.4%) had abnormal acuity in at least 1 eye, and 9 (33.3%) had abnormal visual fields. It is notable that 15 PVHI survivors (55%) showed either visual acuity or visual field abnormalities.
Developmental evaluation (Table 4) revealed that delay in gross motor function was most common, occurring in 73% of survivors. Cognitive skills (based on the Early Learning Composite) were significantly diminished in 50% of children. Impairment in daily living skills was documented in 10 subjects (33%) ( Table 4) . Of all 29 survivors with complete follow-up data, 21 (72%) had either abnormal neurologic examination or low (Ͻ2 SD) cognition scores (based on the Early Learning Composite). Epilepsy occurred in 7 children (23.3%). Eleven children (36.7%) required ventriculoperitoneal shunt placement, 6 of whom (55%) had shunt revisions with a median number of revisions of 3.5 (range: 1-8). Twenty-seven (90%) and 26 (86.7%) children required physical and occupational therapy, respectively. Thirteen (43%) required speech therapy and 7 (23.3%) were receiving specialized vision education. Ten children (33.3%) had previously received botulinum toxin injections for spasticity. Finally, socioeconomic status by the Hollingshead Scale was not statistically associated with any of the outcome measures.
Relationship of CUS Findings to Outcome
Of all unilateral cases, left-sided PVHI was significantly associated with abnormal tone (10 of 14 vs 2 of 10; P ϭ .036) and with ventriculoperitoneal shunt insertion (8 of 14 vs 1 of 10; P ϭ .033). There was a tendency for more left-sided PVHI to be extensive (11 of 14 vs 5 of 10), but this association was not statistically significant (P ϭ .2). No other outcome parameters were significantly associated with the side of injury.
Cerebellar hemorrhage (as identified by posterior fossa views using a mastoid CUS approach) was present in 5 PVHI cases (17%). There were no significant differ- a Mild (Ashworth score 2, n ϭ 2), moderate (Ashworth score 3, n ϭ 10), and severe (Ashworth score 4 -5, n ϭ 5). b Arm ϭ leg (n ϭ 5), arm Ͼ leg (n ϭ 5), and leg Ͼ arm (n ϭ 1). c One infant had associated dystonia. d All infants had abnormal eye alignment, and 4 infants had extraocular palsy. Table 5 ) between the PVHI severity score and epilepsy, microcephaly, abnormal tone, and delays in gross motor, visual receptive, receptive language, and cognitive function. As a predictor of abnormal gross motor outcome, higher PVHI severity scores (scores 2 and 3) versus lower PVHI severity scores (scores 0 and 1), had specificity of 87.5% and sensitivity of 54.6%. Thus, positive predictive value and negative predictive value were 92.3% and 41.18%, respectively. As a predictor of abnormal cognitive outcome (Early Learning Composite Ͻ 2 SD), higher PVHI severity scores (scores 2 and 3) versus lower PVHI severity scores (scores 0 and 1) had specificity of 64.3% and sensitivity of 71.4%. Thus, positive predictive value and negative predictive value were 69.2% and 66.7%, respectively. The areas under the receiver operating characteristic curve for abnormal gross motor and cognitive outcomes were 0.77 (95% confidence interval [CI]: 0.56 -0.98) and 0.79 (95% CI: 0.62-0.96) respectively, indicating strong predictive ability.
We also studied separately all 3 components of the PVHI severity score and found that the extent of echodensity and midline shift were associated with gross motor development, visual-receptive scores, abnormal neuromotor examination, and hypertonia (extent of echodensity: P ϭ .032, .038, .001, and .002, respectively; midline shift: P ϭ .014, .006, .018, and .007, respectively). We additionally found that extent of echogenicity was significantly associated with fine motor development (P ϭ .014), and there was a trend for bilateral PVHI to predict hypertonia (6 of 6 [bilateral] vs 11 of 24 [unilateral] ; P ϭ .057). No other outcome parameters were significantly associated with bilaterality of PVHI. Receptive and expressive language, cognition (Early Learning Composite), and microcephaly were not significantly associated with the 3 components of the PVHI severity score when analyzed separately. The relationship between PVHI size (extent of echogenicity) and outcome is presented in Table 6 .
PVHI involving the anterior frontal and posterior frontal territories was significantly associated with abnormal scores of visual-receptive domain (P ϭ .002 and .038, respectively) and fine motor domain (P ϭ .008 and .014, respectively), with abnormal neurologic examination (P Ͻ .0001 and .001, respectively), and with hypertonia (P ϭ .003 and .002, respectively). In addition, posterior frontal PVHI was significantly associated with abnormal gross motor scores (P ϭ .032). PVHI involving the parietal, occipital and temporal territories had no significant association with any of the outcome factors studied. PVHI severity score is derived from the CUS study with the maximum PVHI size and is based on the presence (score of 1) or absence (score of 0) of 3 items: (1) lesion extends Ն2 territories (for bilateral cases, extent of lesion is scored based on the worse side); (2) bilateral PVHI; and (3) midline shift. A CUS study with none of these features scores 0, whereas a study with all 3 features scores 3. The P value tests for significant trend from logistic regression analysis, adjusted for gender, socioeconomic status and gestational age. OR indicates odds ratio per unit severity score, from logistic regression analysis. a Abnormal tone was found in 18 children; 17 were hypertonic, and 1 was hypotonic. b Developmental measures are 2 SDs below the mean. Finally, evolution of the echogenicity to multiple microcysts (versus single cyst) was significantly associated with abnormal fine motor skills (8 of 8 vs 8 of 20; P ϭ .008), adaptive motor skills (6 of 8 vs 4 of 21; P ϭ .009), and with hypertonia (7 of 8 vs 9 of 21; P ϭ .04).
DISCUSSION
In this study, we found that PVHI in premature infants remains a major risk factor for adverse neurodevelopmental outcome in survivors, despite the advances in neonatal critical care over the past 2 decades. 1 We speculate that this is due in large part to the increased survival of extremely sick premature infants, those at greatest risk for PVHI. 26 Overall, two thirds of survivors had motor delays, and half had cognitive impairment. Visual field abnormalities were detected in one third of subjects and late seizures were reported in one quarter. However, we found that the adaptive and communication skills were relatively preserved in over two thirds of our subjects. Of importance, approximately one third of PVHI survivors in this study showed no significant long-term neuromotor or cognitive sequelae.
Motor Neurodevelopmental and Adaptive Outcomes
Our findings corroborate those of previous reports that suggested a 50% to 85% incidence of cerebral palsy in survivors of PVHI. 2, 6, 8, 10, 27, 28 Motor abnormalities were significantly associated with anterior frontal and posterior frontal PVHI, presumably secondary to pyramidal fiber injury. This finding is in contrast to a previous study that associated poor motor outcome with PVHI located posterior to the trigone. 8 Explanation of this disagreement, which could result from methodologic differences in topography and outcome definitions, must await additional study. Additional predictors of tone abnormalities were left-sided PVHI and microcystic evolution of the original PVHI echogenicity. Whether microcystic evolution is dictated by a specific pathophysiologic mechanism or merely represents a morphologic finding must also await additional study.
In contrast to the hemiplegia seen in middle cerebral artery stroke survivors, which shows significant sparing of leg function, the hemiplegia seen in ex-premature infants with PVHI tends to involve the arms and legs more or less equally. 1 This latter pattern of hemiplegia was present in half of our subjects. However, the fact that gross motor development was more affected than fine motor development suggests a relative sparing of the more laterally positioned pyramidal supply to the hands. Motor delays were common in our population, and essentially 90% of patients required physical and occupational therapies. Interestingly, associated cerebellar hemorrhagic injury did not increase the degree of gross or fine motor dysfunction. Importantly, adaptive motor behavior (Vineland scale) was relatively spared in 70% of subjects. This important finding indicates a higher level of motor function in daily activities despite the significant delays detected by the formal developmental tests. We speculate that this may be the result of more intensive and widespread early habilitation practices in recent years.
Cognition, Language, and Behavioral Outcome
Significant cognitive dysfunction was present in half of PVHI survivors, which corroborates the findings of previous studies. 2, 6 Others have described an even higher prevalence of cognitive dysfunction in this population. 29, 30 Visual receptive delays were significantly associated with anterior frontal and posterior frontal PVHI, whereas dysfunction in language and cognition did not correlate significantly with the topography of PVHI. Language development has been relatively unexplored in previous studies. In our population of PVHI survivors, expressive language development was relatively spared, whereas receptive language and visual receptive skills tended to correlate with cognitive function. Adaptive social, communication and daily living skills were relatively spared in over two thirds of our children.
Visual Function Outcome
Visual abnormalities in PVHI survivors that could be attributed to retinopathy of prematurity and/or central visual impairments have been previously reported. 6, 9, 10 However, these studies used ophthalmologic examination and not formal visual field assessment. To the best of our knowledge, the current study is the first report that specifically addresses visual field abnormalities in survivors of PVHI. In addition to oculomotor abnormalities affecting 43% and abnormal acuities affecting 44% of survivors, visual field abnormalities were diagnosed in approximately one third. Visual field abnormalities likely result from injury to visual pathways passing Focal indicates lesion involves 1 territory (see Fig 1) ; extensive, lesion extends Ն2 territories (see Fig 1) . For bilateral cases, extent of lesion is scored based on the worse side. The P value tests for significant trend from Fisher's exact test. a Abnormal tone was found in 18 children; 17 were hypertonic, and 1 was hypotonic. b Developmental measures are 2 SDs below the mean.
through the periventricular regions en route the calcarine cortex. 17 Neurologic Sequelae of PVHI Approximately 40% of PVHI survivors required ventriculoperitoneal shunt, and half of these had shunt revisions. Nevertheless, the need for shunt did not increase the risk for neurodevelopmental disabilities in our population. Periventricular white matter injury has been associated with impaired development of the overlying cortical gray matter, 31, 32 a process that may underlie the 20% prevalence of epilepsy in our PVHI survivors.
Association of PVHI Severity Score With Neurodevelopmental Outcome
We tested the CUS-based PVHI severity score previously shown by us to correlate with neonatal risk factors and with long-term neuromotor outcome. 11 We found a significant relationship between PVHI severity score and epilepsy, microcephaly, and motor, language and cognitive impairments. According to our analysis, the grouping of 3 sonographic severity items into a single scoring system allows improved severity assessment and prognostication of PVHI as opposed to relying on separate factors.
The strength of our study, compared with previous reports, is its detailed neurologic, visual, and subdomain standardized developmental battery in a relatively large sample of PVHI survivors. Conversely, our study has the potential limitations inherent to any retrospective study. Some of the children who could not be enrolled may represent cases with better outcome, which would potentially have reduced the overall incidence of disability in our PVHI survivors. In addition, the outcome measures in our study were performed at a median age of 30 months, and therefore minor delays and late-onset learning and attention disabilities may be underestimated.
CONCLUSIONS
Our study shows that despite the advances in neonatal intensive care over the past few decades, PVHI remains a major risk factor for significant cognitive delays and/or motor abnormalities among the increasing numbers of infants that survive premature birth. However, despite the high prevalence of abnormal test scores for individual domains of neurodevelopmental outcome, the broad range of outcomes as well as the relatively preserved overall adaptive skills among our subjects need to be considered carefully when prognosticating during the early periods of critical illness. The CUS-based severity score for PVHI used in this study may enhance prognostic accuracy during the early neonatal period.
